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ABSTRACT

Early experimental work, conducted at Defence R&D Canada — Suffield, measured and
characterized the personal and environmental contamination associated with simulated
anthrax-tainted letters under a number of different scenarios in order to obtain a better
understanding of the physical and biological processes for detecting, assessing, and
formulating potential mitigation strategies for managing the risks associated with opening
an anthrax-tainted letter. These preliminary experimental investigations have been
extended in the present study to simulate the contamination from anthrax-tainted lettersin
an Open-Office environment using Computational Fluid Dynamics (CFD). A quantity of
0.1 g of a biological simulant Bacillus globigii (BG) for anthrax was released from an
opened letter in the experiment. The accuracy of the model for prediction of the spatial
distribution of BG spores in the office from the opened letter is assessed qualitatively
(and to the extent possible, quantitatively) by detailed comparison with measured BG
concentrations obtained under a number of scenarios, some involving people moving
within the office. It is hypothesized that the discrepancy between the numerical
predictions and experimental measurements of concentration were mainly caused by

(1) air flow leakage from cracks and crevices in the walls and windows of the
building shell;

(2) decoupling between the present CFD simulation and dispersion of BG spores in
the Heating, Ventilation, and Air Conditioning (HVAC) system,

(3) the effect of deposition and re-suspension of BG spores not being considered in
the present CFD simulations.

Although there is still a scope of further improvement in the present CFD simulation, it
should be emphasized here that the advantages of utilization of CFD modeling for
assessment and design of mitigation strategies and protocols for defence against anthrax-
tainted letters over an experimentally-based approach to the problem are obvious:

(1) substantial reduction of lead times and costs of new designs involving other
office configurations,

(2) ability to study scenarios where controlled experiments are difficult or impossible
to perform;

(3) practically unlimited level of detail of results such as the flow field in the indoor
environment and the concentration field of the dispersing BG spores (or, other
contaminants) that are released into this flow field.



Table of Contents

F N I I 7 A O SRS 2
RS o o 1 == 4
1. INTRODUCTION ....cutiieieiesiesiesie st siesiesesee e saessestessessessesseesesseessessessessessessessessesseeseens 7
2. NUMERICAL METHOD. ..ottt sttt s 8
3. SULFUR HEXAFLUORIDE (SFs ) RELEASE EXPERIMENTS.........ccovivverieeeee 9
4. BACILLUS GLOBIGII (BG) RELEASE EXPERIMENTS.......cccooivirivinineeeeens 12

4.1 Scenario 0 (BasaliNg CaSE): ....cccuuiierierierieerieeie ettt sttt e s nne s 12

S 0= g = o 1 PSSR 15

A.3 SCENAIO 2. .ttt et e te et e s et e be et e s seesbeeatesae e seeaeeeseesbeantesseeseeensesneanrens 18
5. CONCLUSIONS AND RECOMMENDATIONS......cocoiiienienireeiesie e 21
REFERENGCES ........cooiiitieieiee ettt sttt e testestesnesbesneeneeneeneenes 23
APPENDIX: README fOr CDROM .....coiiiiiiiiiie e 25



List of Figures

Figure 1: Study areain Building 13 with sampling locations, furniture layout and air flow

from the SFg EXPENMENL. .......oiieeececeee et enre s 28
Figure 2: Grid and geometry used by CFD to simulate the SFg experiment. ................... 28
Figure 3: Predicted vortex pattern on a vertical y-z plane for the SFs experiment. .......... 29
Figure 4: Predicted stream tracesin Areal near LO for the SFs experiment. .................. 29
Figure 5: Predicted stream traces in the study areain Building 13 for the SFs experiment.

................................................................................................................................... 30
Figure 6: Time histories of concentration in ppm from the CFD predictions compared

with experimental measurements for the SFg experiment. ..........cccoceverveneneneeee 30
Figure 7: Deflection of airflow by grille on asupplied duct............ccccccevveveececiecncnene 31
Figure 8: Tracer Gas Experiment 5: 4.0 Liters of 1:3 (pure SFe:air) released into room by

ASAMPLING PUMP [L]. ooveeieeieiieie ettt a e s e st e enaeereenteeneesreeneens 31
Figure 9: 1so-surfaces of concentration in ppm from the CFD predictions at t = 3 min for

the SFg EXPENTMENT. ..o e s te e esneeneeneenreas 32
Figure 10: Iso-surfaces of concentration in ppm from the CFD predictionsat t = 20 min

fOr the SFe @XPEITMENL. ......oceeeee e nre s 32
Figure 11: Iso-surfaces of concentration in ppm from the CFD predictionsat t = 60 min

fOr the SFe @XPEITMENL. ......oceeiecececee e nre s 33
Figure 12: Iso-surfaces of concentration in ppm from the CFD predictionsat t = 120 min

fOr the SFe @XPEITMENL. ......oceeiecececee e nre s 33

Figure 13: Time history of the normalized mean concentration profile along the vertical
center plane of an obstacle array (y = 0) and at z/H = 0.75. Solid and dashed lines:

predictions; dash-dot line: experiment [4]. ......ccooeeiiieneere e 34
Figure 14: Study areain Building 13 with sampling locations, furniture layout and air
flow from the BG eXPeErimMENT. .........cooieiiiie et 34
Figure 15: Grid and geometry used by CFD to simulate the BG experiment................... 35
Figure 16: Contours of concentration for Scenario O (Baseline Case) at t = 8.75 sec....... 35
Figure 17: Contours of concentration for Scenario 0 (Baseline Case) at t = 30 min........ 36
Figure 18: Time histories of concentration at the SKC locations for Scenario O (Baseline
(@S P 36
Figure 19: Bar charts of concentration in g m™ at the SKC locations for Scenario 0
(BASEIINE CBSE). ...cveviieeieeieeeeee ettt ettt 37
Figure 20: Bar charts of concentration from experiment (Trial 3) in CPU per Liter of Air
at the SKC locations for Scenario 0 (Baseline Case).........cccevvevevenenenineneneeene 37
Figure 21: Time histories of concentration in g m™ at the HR locations for Scenario 0
(BASEIINE CBSE). ..ottt bbb 38
Figure 22: Time histories of concentration in ACPLA from experiment (Trial 3) at the
HR locations for Scenario 0 (Basaling Case)........c.ccvvrererenieeieeiesese s 38
Figure 23: Time histories of concentrationin g m™ at the LR locations for Scenario O
(BASEIINE CBSE). ...cveviieeieeieeiee ettt bbbt b e 39
Figure 24: Time histories of concentration in ACPLA from experiment (Tria 3) at the LR
locations for Scenario 0 (BasaliNg Case). .......cocveverererieneneneeeeseese e 39
Figure 25: walking paths for LO, CW1 and CW2 for scenarios 1 and 2............cccceeueee. 40



Figure 26: Contours of concentration for Scenario 1a (HVAC isturned on during the test)

BT T 875 SBC. it b et nes 40
Figure 27: Contours of concentration for Scenario 1a (HVAC is turned on during the test)
o R 0 81 111 O P TSRS 41
Figure 28: Bar charts of concentration in g m™ at the SKC locations for Scenario 1a
(HVAC isturned on during the tESE).......ccveueieeriee e 41
Figure 29: Time histories of concentration in g m™ at the HR locations for Scenario 1a
(HVAC isturned on during the tESE).......ccveueieereee et 42
Figure 30: Time histories of concentration in g m™ at the LR locations for Scenario 1a
(HVAC isturned on during the tESE).......ccveeieere et 42
Figure 31: Contours of concentration for Scenario 1b (HVAC isturned off after t =5.5
S ) IR 0l ST £ oS 43
Figure 32: Contours of concentration for Scenario 1b (HVAC isturned off after t =5.5
S = o) JR= L A O 8 11 o TS 43
Figure 33: Bar charts of concentration in g m™ at the SKC locations for Scenario 1b
(HVAC isturned off after t = 5.5 SEC). cuevvevevierece et 44
Figure 34: Bar charts of concentration from experiment (Trial 3) in CPU per Liter of Air
at the SKC 10CationS fOr SCENAINO L.......cocveiieiiiiie e 44
Figure 35: Time histories of concentration in g m™ at the HR locations for Scenario 1b
(HVAC isturned off after t = 5.5 SEC). .uevvrieiierieee et 45
Figure 36: Time histories of concentration in ACPLA from experiment (Trial 3) at the
HR 10CationS fOr SCENAIO L. ......coiiiiririieiieerie e 45
Figure 37: Time histories of concentration in g m™ at the LR locations for Scenario 1b
(HVAC isturned off after t = 5.5 SEC). cuevveieeiiereee et 46
Figure 38: Time histories of concentration in g m™ at the LR locations for Scenario 1b
(Lo lo o= == o o = ) TS 46
Figure 39: Time histories of concentration in ACPLA from experiment (Tria 3) at the LR
[FoTor 10 015 1o G o= o 7= Lo 10 S a7
Figure 40: of concentration for Scenario 2 at t =8.75 SEC........cccvveveeieveere e 47
Figure 41: Contours of concentration for Scenario 2 at t = 185 SEC. .....ocevvevereeriercenenne. 48
Figure 42: Contours of concentration for Scenario 2 at t = 310.75 SEC. ....ccveeveeveecirrnnnne. 48
Figure 43: Contours of concentration for Scenario 2 att = 30 MiN. .......cccovevererereeenne. 49
Figure 44: Bar charts of concentration in g m™ at the SKC locations for Scenario 2. ..... 49
Figure 45: Bar charts of concentration from experiment (Trial 3) in CPU per Liter of Air
at the SKC 10CationS fOr SCENAINO 2.......ccveiiriiriiie e 50
Figure 46: Bar charts of concentration from experiment (Trial 5) in CPU per Liter of Air
at SKC 10CationS fOr SCENAIMO 2.......ccueiieieieiiese et 50
Figure 47: Time histories of concentration in g m™ at the HR locations for Scenario 2
(linear SCal@ AlONQ Y-8XIS). c.veccueireeirieie et see st ee e sre et s e st et esre e tesraesneene e 51
Figure 48: Time histories of concentration in g m™ at the HR locations for Scenario 2
(logarithmic SCale alONg Y-XIS). ..ccveevueieeirieieiiesieeee e st e rte et e e re e e e e 51
Figure 49: Contours of concentration for Scenario 2 on avertical y-zplaneat LOatt=4
0L TSI OIS oS RS 52
Figure 50: Contours of concentration and velocity vectors for Scenario 2 on avertical y-z
planeat LO @t t = 6 MIN 22 SEC. ..ccvvevecieeciecie ettt st e te e e e e 52



Figure 51: Contours of concentration and velocity vectors for Scenario 2 on avertical y-z

planeat LO at t = 20 MIN 22 SEC. ...uiivieeecieeiesee e eeseesteete e et e sae e e te e sseeae e 53
Figure 52: Time histories of concentration in ACPLA from experiment (Trial 3) at the
HR 10CatioNS fOr SCENAIMO 2. ......cccveeieeeeeiiecee e ae et e e sae e ens 53
Figure 53: Time histories of concentration in g m™ at the LR locations for Scenario 2
(linear SCAl@ A ONQ Y-8XIS). «.vvecueieerieeieeiesieeeeseesteeee e sreesteseesreesseeseesaeeseeseesseenseans 54
Figure 54: Time histories of concentration in g m™ at the LR locations for Scenario 2
(logarithmic SCale @lONg Y-XIS). ..ccveeruereerieeieseesieeieeeesteestesee e esse e e eseesaesseeseens 54
Figure 55: Time histories of concentration in ACPLA from experiment (Trial 3) at the LR
[FoTo= 1001 {0 g o= o 7= Lo 12O 55



1. INTRODUCTION

The incident involving anthrax-tainted letters sent in the autumn of 2001 to major media
outlets and two United States senators that resulted in five deaths and 17 non-fatal
infections has reinforced public concern on the threat of terrorist use of chemica and
biologica warfare (CBW) agent weapons against civilian populations in dense urban
centers. In some previous experimental work, Defence R&D Canada — Suffield has
measured and characterized the personal and environmental contamination associated
with simulated anthrax-tainted letters under a number of different scenarios in order to
obtain a better understanding of the physica and biological processes for detecting,
assessing, and formulating potential mitigation strategies for managing the risks
associated with opening an anthrax-tainted letter. These preliminary experimental
investigations have been extended recently to characterize the contamination from
anthrax-tainted letters in an Open-Office environment.

Practical mathematical models for prediction of dispersion of anthrax spores from opened
letters in an indoor environment, including people moving within various offices, do not
exist owing to the inherent complexity of the problem. There are an enormous number of
possible scenarios for incidents involving anthrax-tainted letters due to their deliberate
nature. Furthermore, the physical insight and concomitant data necessary to perform and
validate the model predictions for most scenarios involving anthrax-tainted letters are
(until recently) limited. In addition, the parameters required by the model (e.g.,
deposition velocity of anthrax spores with respect to various surfaces) and the data
needed to infer these parameters may not be available. In spite of these complications, it
should be emphasized that computational fluid dynamics (CFD) is a field that is
advancing by leaps and bounds and it will be demonstrated by the present study that CFD
is able to predict credibly both flow characteristics inside buildings (and, more
specifically in an office within a building) and the dispersion of contaminants (e.g.,
anthrax spores from an opened letter) released into these flows.

The objective of the present study is to undertake a critical assessment of the utility of
current state-of-the-science CFD models for the prediction of flow and dispersion in the
indoor environment. In particular, CFD modeling of the dispersion of a biological
simulant Bacillus globigii (BG) for anthrax released from an opened letter in a large
office (Open-Office concept) will the undertaken, and the accuracy of the model for
prediction of the spatial distribution of BG spores in the office will be assessed
qualitatively (and to the extent possible, quantitatively) by detailed comparison with
measured BG concentrations obtained under a number of scenarios. In Sec. 2, the basic
numerical framework for the CFD model used for these numerical studies, including a
new capability for simulating people moving within various offices will be described.
Sec. 3 will compare predictions against a baseline experiment whereby atracer gas sulfur
hexafluoride (SFs) was released in an open office in the west wing of Building 13 at
DRDC-Suffield. In Sec. 4, three scenarios involving the release of BG spores from an
opened letter will be described, and various comparisons between model predictions and



experimental measurements will be made for each scenario. Finally, conclusions drawn
from the present study and recommendations made for future studies are given in Sec. 5.

2.NUMERICAL METHOD

The STREAM code [1], used in the present study, is a fully-conservative, block-
structured finite-volume program for computational fluid dynamics, which employs a
fully-collocated storage arrangement for all transported properties, including all
turbulence quantities (turbulence kinetic energy, viscous dissipation rate, etc.). Within an
arbitrary non-orthogonal coordinate system, the velocity vector is decomposed into its
Cartesian components, and these are the components to which the momentum equations
relate. Advective cell-face fluxes are approximated by the Upstream Monotonic
Interpolation for Scalar Transport (UMIST) scheme [2], obtained by formally imposing
Total Variation Diminishing (TVD) constraints on Leonard's third-order accurate
Quadratic Upstream Interpolation for Convective Kinematics (QUICK) scheme [3]. A
second-order fully implicit three-level scheme is used to treat the transient (or, local
tendency) term. The mass continuity is enforced by solving a pressure-correction
equation using the Semi-Implicit Method for Pressure-Linked Equations (SIMPLE)
algorithm, which steers, as part of the iterative sequence, the pressure towards a state in
which mass residuals in al cells in the flow domain are negligibly small. All transport
equations, including momentum, turbulence and scalar concentration equations, are
discretized and solved sequentially as part of the SIMPLE agorithm [4] using very
efficient iterative linear equation solvers such Stone's Strongly Implicit Procedure
(SIP3D) or the Conjugate Gradient Stabilized (CGSTAB) method. In conjunction with a
fully-collocated approach, the SIMPLE method is known to provoke checkerboard
oscillations in the pressure field, reflecting a state of velocity-pressure decoupling. To
avoid this, the widely used method of Rhie and Chow [5] has been adopted to interpolate
the cell-face velocities from adjacent nodal values. The interpolation essentialy
introduces a fourth-order “pressure smoothing” to remove the checkerboard oscillation in
the pressure field. Physical diffusion fluxes are approximated using a conventional
second-order accurate central differencing approach.

For mesh generation, the “ray-casting” approach [6] is used to determine whether the
computational cells are inside the complex geometries encountered in the current
problem, such as desks and bookcases in the study area. If the cell centroid is inside an
obstacle, the associated cell flag will be set to OBSTACLE. Otherwise, the cell flag will
be set to FLUID so that an efficient matrix solver, such as SIP3D can be utilized.

In order to numerically model one or more persons “entering or leaving” the office, the
Immersed Boundary Method (IBM) [7] or its variants [8] were used to handle moving
objects. The original IBM [7] represents the body boundary in the flow field through a
forcing term (or a feedback function) that is added to the momentum equations. These
forcing terms are evaluated initialy at the discrete surface points, and satisfy the no-dlip
boundary conditions on the surface. Subsequently, a first-order cosine function, which
can be interpreted as a discrete function, is used to interpolate and extrapolate



information between the immersed boundary and the background grid. Unfortunately, the
use of the cosine-function formulation smears out the solutions over a thin finite band
centered on the boundary, which in general could have an adverse effect on the solution
accuracy. Furthermore, IBM may induce spurious oscillations and consequently restrict
the computational time step, especially when an explicit time-integration method is used
for the flow solver.

To overcome this difficulty, other IBM variants, such as the ghost-cell immersed
boundary method (GCIBM) [8] have been proposed. In contrast to IBM, GCIBM uses
ghost cells within the solid objects as boundary conditions without having to explicitly
introduce a forcing term into the momentum equation. The ghost cells are reconstructed
using either linear or quadratic interpolation of property values at the surrounding fluid
nodes in the physical domain and at a boundary node. Although IBM has been widely
used, most previous researchers have incorporated it into explicit flow solvers based on a
fractional -step method which severely limits the maximum allowable time step that could
be used for the integration. Moreover, very little work has been undertaken to date in
combining IBM with high-Reynolds-number Reynolds-averaged Navier-Stokes (RANS)
solvers for turbulent flow problems. In the present study, we have successfully
incorporated the GCIBM into STREAM to give a fully implicit time-stepping scheme
that utilizes a standard k-¢ turbulence model in conjunction with wall functions as
boundary conditions at the solid surfaces (e.g., walls). Thisis an innovation developed in
the present study for the simulation of moving objects (e.g., people) within the flow
domain.

3. SULFUR HEXAFLUORIDE (SFs) RELEASE EXPERIMENTS

The SFs experiment [9] was conducted by personnel from National Institute for
Occupational Safety and Health (NIOSH) in the USA on September 12-19, 2005. The
flow rates in cubic feet per minute (CFM) for the supply and return ducts in the study
area(see Fig. 1) in Building 13, which is located on Canadian Forces Base Suffield, were
measured. This information will be used as the inflow/outflow boundary conditions for
the present CFD simulations. Five tracer gas studies were conducted, and only data from
“Experiment 1” will be used for comparison with CFD predictions. In this experiment,
2.5 liters of pure SFs was delivered by an airtight syringe at Location F (letter-opener
position) in Fig. 1. Measurements of the time history of the SFg concentration in parts per
million (ppm) are available at 7 locations (Locations A-G) as shown in Fig. 1.

Since dispersion of SFs in the study area is strongly influenced by the flow motion, it is
informative to examine the model predictions of the flow field first, which are obtained
for the study area (Open Office) with a grid of 94x70x30 nodes in the x-, y- and z
directions, respectively. This grid used here is exhibited in Fig. 2. Initialy, it is assumed
that the direction of airflow from the air supply ductsisin the vertical (or z-) direction as
indicated by the “big” arrows in Fig. 3. To understand the flow field in the study area, let
us consider a vertical y-z cross-section in Area |l near Location F asillustrated by a sketch
on the right-hand-side of Fig. 3. We expect to see a clock-wise vortex motion when a jet
is discharging from the bottom-left corner, representing one of the air supply ducts



mounted on the floor. The implication of this figure is that the flow motion in the selected
y-z plane can be quite energetic, but the flow motion in the x-direction is actually quite
weak as is clearly shown in Fig. 4 in terms of stream traces near the front part of the
study area. Bear in mind that the average velocity from the supply and return ducts is
about 1 m s™*. The magnitude of the average velocity in the study area is about 5 cm s™*.
The average velocity in the x-direction is around -0.2 cm s, which confirms the above-
mentioned assertion of weak flow motion in the x-direction. The stream traces in the
entire study area are exhibited in Fig. 5, which will be used to facilitate our discussion of
the SF¢ dispersion results to be shown later.

The release period for the Sk tracer is assumed to be Toy = 10 sec in the CFD
simulation, although a release period of 5 sec was also attempted with little effect on the
final solution. In order to increase the time accuracy of the numerical prediction, the time
step, At, for the simulation was chosen based on the following table:

At =0.2 sec At =2 sec At =10 sec
t<Ton Ton<t<2min t>2min

The total time for the simulation is 2 hours after the initial release of the SF¢ tracer. The
predicted time histories of the mean concentration SFg at Locations A, B, C, D, E, and G
and their comparison with the corresponding experimental measurements are shown in
Fig. 6. At Location A (collocated with co-worker 1), there is a sharp increase in the
concentration-time profile in the experimental measurement, reaching a peak value of 20
ppmatt =3 min (i.e, at 3 min after the Sk tracer was released). This peak concentration
occurs much earlier than that predicted by the numerical ssmulation at the same location,
where the predicted peak value of concentration is seen to be 10 ppm occurring at t = 13
min. Similarly, at t = 5 min, the experimental concentration measurements at Location B
(where co-worker 2 is located) achieves a peak concentration value of 11 ppm, which is
again larger than the predicted concentration value of 6 ppm and occurs also at a much
later time of t = 50 min. In order to identify what might be the cause of the discrepancy in
the predicted and observed cloud arrival times, two additional simulations were
conducted. Firstly, a ssmulation was conducted for the same test problem using a finer
mesh of 140x100x70 nodes. However, this higher-resolution simulation gave essentially
the same results as the original simulation. Since air flows through the supply ducts are
deflected by grilles, for the second additional simulation the direction of air flow at each
supply duct location was deflected by +45° as illustrated in Fig. 7. Again, no major
changes were observed in the predicted results. A number of reasons could be the cause
of the above-mentioned discrepancy between the predicted and observed SFg
concentration-time histories. These are asfollows:

1. Inthereal situation, SFs released from Location F can enter the return ducts (there are
two return ducts in Area |) and, through the HVAC system re-enter the study area
again through the supply ducts. However, this physical mechanism is not considered
in the present CFD simulation. Although there are some ‘zona models’, such as
COMIS [10] and CONTAM [11], which are designed specifically for predicting
dispersion of contaminant in the indoor environment, including the HVAC system,
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these models are one-dimensional (1-D) and cannot be applied to the simulation of
the complex 3-D flow and dispersion in alarge office with furniture. The remedy for
this problem is to develop a general procedure, which can couple the present CFD
model (used to ssimulate the 3-D indoor flow and dispersion in the study area) with
one of the zonal models (which can be used to simulate the 1-D flow and dispersion
inthe HVAC system).

2. Building 13 at DRDC-Suffield is avery old building that was built during the Second
World War. It is very likely that the draft from leakage in windows and walls
generate additional flow motion in the office, which can enhance the dispersion of the
SF tracer at Locations A and B. A “blower door”* experiment might be required to
identify the locations of the leakage points and flow rates through these points in the
shell of Building 13. Certainly, with this additional information, it is anticipated that
the predictive accuracy of the current CFD simulation results can be improved.

In addition to the two reasons enunciated above, experimental anomaly can also be a
contributing factor to the discrepancy between the CFD predictions and the experimental
measurements. To see this, let us also examine the results of Experiment 5 from [9] as
shown in Fig. 8. The mgjor differences between Experiments 1 and 5 are given below:

Tracer Release mechanism Release period
Experiment 1 | Pure SFg Anair-tight syringe | 30 sec
Experiment5 | Dilute SFg | A sampling pump 1 min

Note that in Experiment 5, one liter of pure SFs was combined with 3 liters of outdoor
air. However, the relative ratio of peak concentrations at Locations A, B and D for both
experiments should be very smilar. It is seen from Figs. 6 and 8 that
(Ca:Cg:Cp)pek=(6.75:3.7:1) for Experiment 1 and (Ca:Cs:Cp)pe=(22.7:1.1:1) for
Experiment 5, where ‘C’ denotes the concentration and the subscript on C indicates the
location where the concentration was measured. In the present simulation,
(Ca:Cs:Cp)pek=(1.75:1:1). If we simply look at (Cg/Cp)peak, We find that (Cg/Cp)peak = 1.1
from Experiment 5 is very close to the present prediction of (Cg/Cp)peak = 1, Which is very
encouraging. This seems to suggest that the much larger value of Cg (concentration at co-
worker 2 location) measured in Experiment 1 may be questionable. It should be
mentioned here that the very large peak value of concentration at Location A (where co-
worker 1 is located) relative to the concentrations at the other sampler locations in
Experiment 5 is probably also suspect. This assertion will be supported in Fig. 22 for
Scenario 0 in the BG experiment (to be discussed later).

With reference to Fig. 6, the “well-mixed” condition, for which concentration levels at all
sampler locations are very similar, is clearly shown to be achieved (approximately or
better) when t > 50 min in Experiment 1. However, even after 2 hours, the well-mixed
condition was not achieved in our numerical simulation, particularly at Locations A (co-

1 A blower door is a large calibrated fan that is temporarily mounted in a house door to measure the
"leakiness" of the house and to assist in finding the location of the leaks (http://www.infiltec.com/inf-
bd.htm).
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worker 1) and E (sampler in Area 1V), which is consistent with the iso-surfaces of
concentration in ppm at t = 3, 20, 60 and 120 min (after the release) shown in Figs. 9 to
12.

Finally, in order to demonstrate the capability of our CFD simulations in predicting
accurately a transient release of tracer in a ‘well-controlled’ laboratory experiment,
sample results from [12] in terms of the time history of a mean concentration profile
along the vertical center plane of the obstacle array (y = 0) and ZH=0.25 (H is the height
of the obstacles) is given in Fig. 13. As can be seen, excellent agreement between
predictions and measurement was achieved. Although agreement between the present
CFD simulations and measurements for Experiment 1 is less satisfactory, a result that is
probably due to air flow leakage through the shell of Building 13 among other things,
recommendations for further improvement of the present predictive results will be made
in Sec. 5.

4. BACILLUSGLOBIGII (BG) RELEASE EXPERIMENTS

These experiments were conducted by technicians from Dycor Technologies Ltd., in
which several scenarios involving the release of BG spores from an opened letter were
studied. Only 3 scenarios described in Sec. 4.1 to 4.3 were ssmulated by CFD.

4.1 Scenario 0 (Baseline Case):

A source of 0.1 g BG spores was placed in a sealed envelope which was located at the
location of “Letter Opener” (LO) shown in Fig. 14. To simplify the notation henceforth,
Co-worker 1 and Co-worker 2 in Fig. 14 will be denoted by CW1 and CW2, respectively.
The LO (person) was located in front of the source location (sealed envelope) by about
50 cm. The office geometry and grid, containing 116x74x30 nodes in the x-, y- and z-
directions respectively, is shown in Fig. 15. Note that the major differences between Figs.
2 and 15 are that partitions were added in-between the various desks in the study area and
the two middle doors in Area | (Fig. 15) were closed. The HVAC system was turned on
for about 15 min until the flow reaches a pseudo-steady state condition before the
sampling process began, the latter lasting for another 30 min. During the sampling stage,
the HVAC was still on, and the front and rear doorsin Area | were open. Similar to the
Sk experiment described earlier, BG spores entering the return ducts are assumed to be
discharged directly to the outdoor environment (viz., no spores entering the return ducts
were allowed to re-enter the study area through the supply ducts) in the present
simulations. The (unknown) effects of deposition and re-suspension of BG spores in the
study area were not considered here (viz., walls and other surfaces in the Open Office are
assumed to be perfect reflectors in the sense that no BG spores are assumed to be
deposited on these surfaces). Immediately after the BG spores were released (viz., the
letter was opened), the LO remained stationary for the remainder of the test period. The
total release period for the BG spores was assumed to be 10 sec.
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Contours of 10g[100C], where C is the concentration in g m™, are shown in Fig. 16 at t =
8.75 sec and in Fig. 17 at t = 30 min. Note that in contrast to Figs. 26 and 31 for Scenario
1 (to be shown later), the presence of the LO in Fig. 16 obstructs the spread of BG spores
(viz., the extent of contours of concentration in Fig. 16 is much less than those in Figs. 26
and 31, in which the LO moves through the study area and has already left Area I).
Concentration contours in Fig. 17 suggest that BG spores have already dispersed into the
entire study area at t = 30 min, with concentrations in regions close to ArealV (the green
region) being the smallest.

In the present study, the unit for concentration “C” shown in Figs. 18, 19, 21 and 23 is
g m>, which is different from ACPLA (Agent Containing Particles Per Liter of Air used
in the measurements made by the dlit samplers) in Figs. 22 and 24 and [CFU (Colony
Forming Unit) per Liter of Air used by the SKC samplers] in Fig. 20. Since the exact
conversion between g m®, ACPLA and CFU per Liter of Air is unknown, each
comparison between the present CFD results and the experimental data needs to be
interpreted with care. In performing the analysis of the filters from the SKC samplersin
the experiment, the data from the glit samplers were used to determine the cloud arrival
time at each location. Here the cloud arrival time at each location is estimated in
accordance with its time history at each SKC location. For example, by reference to Fig.
18, Tgat = 273 sec at SKC-2. Thisis used as the start time to compute the time-averaged
concentration using the following formula:

~ 1 Tena
C= C dt, )
T Taan

start

end”
where the end time, Teng, 1S Set to be 30 min.

The bar charts of concentration in g m2at 9 different SKC locations (summarized in Fig.
14) is shown in Fig. 19, which should be examined in conjunction with Fig. 20, in which
the concentration unit is CFU per Liter of Air. Note that in Fig. 19, SKC-1and LO are at
the same location, both of which were at the center of the desk where the sealed envelope
was placed. However, the concentrations a¢ SKC-1 and LO in Fig. 20 are dlightly
different, with the concentration at LO being the largest in the experiment (Tria 3). Itis
seen from Fig. 19 that the concentration level at SKC-2 (or CW1) is the second largest
due to its proximity to LO. The concentration levels at SKC-7 (in the hallway), SKC-8
(in Areall) and SKC-9 (in the exit area) are of the same order of magnitude, all of which
are dlightly smaller than that at SKC-2. However, concentrations at the above-mentioned
3 locations are reduced drastically in Figs. 28 and 33 for Scenario 1 (to be shown later),
for which the front door in Area | is closed after t = 5.5 sec. Consistent with the
concentration contours shown in Fig. 17, concentrations at SKC-3 to SKC-6 are
significantly smaller than those at the other locations owing to their greater separation
from LO. The concentration level at LO is O(10%) larger than that a SKC-2 in the
experiment, which differs markedly from the current simulation which shows that
[CLo/Cskc-2~ O(10%)]. Here O(10") means ‘of the order of magnitude of 10", wheren is
an integer. In contrast, concentration levels at SKC-7 to SKC-9 from the experiment are
quite similar, which is in good agreement with our numerical predictions (cf. Fig. 19).
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Another major difference shown in Figs. 19 and 20 is that concentration levels at SKC-3
to SKC-6 in the experiment are not insignificant compared to those at SKC-7 to SKC-9.
This might be due to (1) the draft from leakage in the windows and walls of the Open
Office in Building 13, and (2) BG spores re-entering the study area through the HVAC
system not being accounted for in the simulation.

The time histories of concentration at the locations of the high-resolution (HR) dlit
sampler in g m™ (present calculations) and in ACPLA (experimental measurements) are
shown in Figs. 21 and 22, respectively. It can be seen from Fig. 21 that the concentration
at the LO is much larger than that at CW1, which attains the second largest concentration
shown in the figure. In contrast, from Fig. 22, it can be seen that the concentration at HR-
H (or LO in Fig. 21) is only about two times larger than that at HR-G (or CW1 in Fig.
21). As mentioned before, the conversion between g m™ and ACPLA is not known owing
to the fact that the number of spores in each colony forming unit (CFU) is not known.
Therefore, it is difficult to make an unambiguous comparison between the numerical
predictions and the experimental measurements. Nevertheless, to ensure that global mass
conservation in the present simulation is satisfied, the total mass released from the source
(at the LO position) for t > 10 sec is calculated by integrating the concentration over the
volume of the entire study area, which we found to be equal to 0.102 g. Thisvalueis very
close to the total mass of 0.1 g released from the source. After checking the global mass
conservation in our calculations, we postulated that the above-mentioned discrepancy
could be caused by

1. only one control volume with a length scale of about 8.7 cm was used in the present
simulation to represent the source (i.e., the letter containing the BG spores);

2. therelease period of 10 sec was arbitrarily assumed;

3. deposition and re-suspension of BG spores were not accounted for in the simulation.

Qualitatively speaking, the general trends observed at CW1 (or HR-G), CW2 (or HR-F)
and Exit (or HR-E) in Figs. 21 and 22 were similar. The concentration level at CW2 is
the smallest among the four HR locations examined. This is because (1) the separation
between LO and CW?2 is the largest, and (2) the flow velocity in the x- (or LO-to-CW?2)
direction is rather small (= - 0.2 cm s%) as shown in Fig. 3 earlier. Furthermore, it can be
seen from Figs. 21 and 22 that the concentration level at Exit is the second smallest for
this scenario because (1) the separation between LO and Exit is smaller than that between
LO and CW2, and (2) the front door in Area | is open during the test. Animations of
stream traces and contours of concentration for this case are available in the file
S0 HVAC on 35 1800 cs.avi on the attached CD-ROM. It should be noted that in Figs.
29 and 35 for Scenario 1 (to be shown later) the concentration level at Exit is extremely
small because the front door in Areal isclosed after t = 5.5 sec.

Similar time histories of concentration at the nine locations of the low-resolution (LR) dlit
samplers (marked in Fig. 14) are exhibited in Figs. 23 and 24 for the numerical
predictions and the experimental measurements, respectively. The general trend for the
cloud arrival time at each location is comparable in Figs. 23 and 24. For example, the
cloud arrival time at LR-2 consistently occurs at the earliest time, again due to the
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proximity of this sampling location to the LO. However, some minor differences exist in
the predicted and measured results. The cloud in the experiment arrives at LR-8 earlier
than it does in the ssmulation as can be seen from Fig. 23. Unfortunately, no experimental
data at LR-9 is available for this scenario. The velocity field near the exit door in the
present simulation is almost stagnant (zero) because the boundary there is treated as a
“solid wall” (viz., the exit door is perfectly sealed). However, the exit door in the
experiment is made of polyethylene sheets to facilitate the experimental personnel exiting
and entering the exit door for the other scenarios. It is very possible that air flow leakage
at the exit door can be the cause for the above-mentioned discrepancy at LR-8. Both
numerical predictions and experiment suggest that cloud arrival times to LR-6 (in the
hallway) and LR-7 (in Area Il) are very similar, and the concentration level a LR-6 is
larger than that at LR-7. Finaly, it is noted in the title of Fig. 24 that the letter was
opened at 12:42:00 for Trial 3. However, the time history at LR-1 seems to suggest that
the letter was opened at 12:36:00. The reason for this inconsistency in the experiment is
unknown, but it may be that the timing mechanisms on the various sampling systems
used in the experiment were not properly synchronized.

4.2 Scenario 1:

For this scenario, two additional personnel (CW1 and CW2) were involved. A source of
0.1 g of BG sporesin a sealed envelope was located at the location of the “Letter Opener”
(LO) shown in Fig. 14, which is the same location as in Scenario 0. The experimental
personnel (LO, CW1 and CW2) were located initially in front of the tables (marked by
Letter Opener, Co-worker 1 and Co-worker 2 in Fig. 14) by about 50 cm. The HVAC
system was turned on for about 15 minutes until the flow reaches a pseudo-steady state
condition, after which the BG spores were released by opening the sealed envelope. The
latter process was assumed to take 10 sec. Immediately after the BG spores were released
from the opened envelope, LO, CW1 and CW2 began to walk along the footprint
pathway (trail) laid out on the floor of the study area as indicated in Fig. 25, finally
exiting through the exit door. The speed of walking of each person was around 1 m s™. It
takes about 12, 11 and 28 sec for LO, CW1 and CW?2 to exit through the exit door,
respectively. The HVAC system is shut down in the simulation when CW1 passes the
HVAC room (at t =5.5 sec). The front door in Area |l (close to the Co-worker 1 location
in Fig. 14) was closed when the LO passes through it. The rear door in Area | was left
open during the simulation in order to satisfy “global mass conservation” in the study
area (Areas | to 1V plus the hallway). Although the flow rates in cubic feet per minute
(CFEM) from all supply and return ducts are provided by the experimental measurements
and have been adjusted dlightly to satisfy

Z CFM supply ductsin study area :z CFM return ducts in study area ! (2)

mass conservation is not necessarily satisfied in Areal aone from the measurements; i.e.

Z CFM supply ductsin Areal iz CFM return ductsin Areal * (3)
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Eq. (3) represents exactly the condition that persists when both front and rear doors in
Area | are closed, causing numerical convergence problems in the simulation. For this
reason, the rear door is left open throughout the simulation, which lasts for 30 minutes.
This is the same time interval over which the low-resolution (LR) dlit samplers were
activated in the experiment.

Two cases were considered here for Scenario 1. For Scenario 1a, the HVAC system was
turned on throughout the simulation. For Scenario 1b, the HVAC system was shut down
by CW1 at timet = 5.5 sec. Note that Scenario lais performed as a complementary study
(since no experimental data is available for this case) to Scenario 1b in order to see the
effect of the HVAC system on the dispersion of the BG spores from the opened envel ope.
At t = 8.75 sec, the BG concentration contours displayed in Figs. 26 and 31 for these two
scenarios are very similar. This is because the HVAC system has just been turned off at
t = 5.5 sec in Fig. 31. Att = 30 min, however, Fig. 27 shows that the dispersion of BG
spores in the study area is very effective when the HVAC system is turned on al the
time, as the cloud is seen to disperse throughout Area |, then spread through the rear door
and reach Areas |V, |11 and 11 through doors in the hallway. In contrast, as clearly seen in
Fig. 32, the dispersion of the BG spores in the Open Office at t =30 min (after the release)
is still limited primarily to Area | when the HVAC system was shut down soon after the
release of BG spores from the opened letter. This suggests that the advective mechanism,
associated with the directed flow motion, is more important than the turbulent diffusive
mechanism for the dispersion of BG spores under these indoor conditions. Note that

shutting down the HVAC system not only reduces the mean flow motion, but also the
2

level of turbulence in the Open Office. Since the turbulent diffusion coefficient I (oc k—
&

where k is the turbulence kinetic energy and ¢ is the dissipation rate of turbulence kinetic
energy) is closely linked to the level of turbulence kinetic energy, shutting down the
HVAC system can be a very effective means for reducing the dispersion of BG sporesin
the office owing to the fact that both advective and diffusive mechanisms for dispersion
are being suppressed simultaneously.

If the HVAC system is turned on as in Scenario 1a, it is very important to close both the
front and rear doors to prevent the spread of BG spores from Area | to the other areasin
the Open Office, including the hallway. It is interesting to compare Figs. 27 and 17
(Scenario 0) in order to see the effect of closing the front door in Areal on the dispersion
of BG spores. As expected, when the front door is closed, the concentration contours in
Fig. 27 show that the BG spores do not even disperse to the end of the exit area after
t = 30 min. Although we were unable to ssmulate a scenario where both doors in Area |
were closed due to the fact that flow rates for both return and supply ducts were only
measured when both doors were opened, it is expected that most BG spores from the
opened envelope will be “trapped” (and hence confined) inside Area I. Note that BG
spores can also enter the return ducts in Area | and, through the HVAC system if it is
turned on, re-enter the hallway and Areas Il to IV through the supply ducts. However,
this mechanism was not considered in the present numerical study.
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The bar charts of concentration for Scenarios 1a and 1b are shown in Figs. 28 and 33,
respectively, which should be examined in conjunction with Figs. 27 and 32. With the
HVAC system turned on all the time (Fig. 28), the concentration levels at SKC-2 to SKC-
4 are larger than those with the HVAC system turned off after t = 5.5 sec (cf. Fig. 33). In
fact, the concentration levels at SKC-3 to SKC-9 in Fig. 33 are less than 10* g m™®,
Fig. 33 can only be compared qualitatively with Fig. 34 (Trial 3 experiment) because the
units of concentration are different (g m™ compared to CFU per Liter of Air). As in
Fig. 20, SKC-1 and LO in Fig. 34 correspond to two different samplersthat are at slightly
different locations on the table shown in Fig. 14. However, SKC-1 and LO in Fig. 33
(smulation) represent exactly the same location, both of which are at the center of the
table. One encouraging result here is that CLo/Cskc.2 ~ O(10%) for both the experimental
measurements and the numerical simulation. It can be seen from Fig. 34 that the
concentration levels at SKC-2 and SKC-3 are comparable, which contradicts the
numerical prediction shown in Fig. 33 (where the concentration level at SKC-3 is much
smaller than that at SKC-2). Since the HVAC system is turned off most of time in the
experiment and in the Scenario 1b simulation, it is quite unlikely that the concentration
level at SKC-2 (which is nearby LO) can be comparable to that at SKC-3. Again, it is
surmised that the air flow leakage through the building shell is the primary cause for the
above-mentioned difference.

The time histories of concentration at the HR locations for Scenarios 1aand 1b are shown
in Figs. 29 and 35, respectively. Note that the range of the y-scale in both figures is
different. At t = 10 min (after the release) for example, the concentration level at LO in
Fig. 29 (HVAC was turned on all the time) is about 25% of that in Fig. 35 (HVAC is
turned off after t = 5.5 sec). This is because advection plays an important role in the
dispersion of BG spores; hence, the rapid reduction in the concentration level at LO in
Fig. 29. Consistent with this argument is that the cloud arrival time and the level of
concentration at CW1 in Fig. 29 occurs earlier and is larger than that in Fig. 35. Note that
in both figures, the concentration levels at Exit are insignificant, which is due to the fact
that the front door in Area |l is closed after t = 5.5 sec. Similar results were observed at
HR-H (or Exit) in Fig. 36 in that the level of concentration there was insignificant when
compared to the other 3 HR locations. It is also observed in Fig. 36 that the cloud arrives
a HR-F (or CW2) about 4 min after the cloud arrives at HR-G (or CW1). Once the
concentration levels reach their peak values at both locations, they stay amost at the
same level for the remaining time. This explains why the concentration in CFU per Liter
of Air at SKC-2 (or HR-G) and SKC-3 (or HR-F) in Fig. 34 are very comparable.

Although it is inappropriate to compare the concentration time histories in Fig. 30
(Scenario 1a, in which the HVAC system is turned on throughout the simulation) and Fig.
39 (corresponding to the experiment, in which the HVAC system was turned off when
the experimental personnel leaves Area 1), it is interesting to point out that the
concentration levels at LR-1 and LR-2 approach each other several minutes after the BG
spores were released from LO. In contrast, Fig. 37 (linear scale aong the y-axis) and Fig.
38 (logarithmic scale along the y-axis) show that the concentration level at LR-1 is
O(10°%) larger than that at LR-2. This observation suggests that the effect of a possible
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draft from leakage in the windows and walls of the building shell is probably as strong as
the effect arising from the HVAC system.

Since the HVAC system is turned off and the front door in Areal isclosed at t = 5.5 sec
(after the release) in the ssimulation for Scenario 1b, it is not surprising to see in Figs. 37
and 38 that the concentration levels for samplers in the hallway, Areas Il to IV, and the
exit area are very small (< 10° g m™). However, Fig. 39 shows that the concentration
levels at LR-8 and LR-9 (in the exit region) are about 1 ACPLA, which are 20% of the
peak concentration value at LR-1. The possible explanation for this is that a portion of
BG spores were deposited on LO and then re-suspended and dispersed into the air as LO
walked through the front door in Area | and then exited through the exit door.
Furthermore, it can be seen from Fig. 39 that the concentration levels at the other LR
locationsin Areas |1 to IV are much smaller than those in the exit region.

Finally, it isinstructive to compare the experimental concentration time histories at HR-E
(Fig. 36) and LR-1 (Fig. 39) in terms of their peak and “ pseudo-steady” state values. Note
that samplers corresponding to HR-E and LR-1 are on the same table where the BG-
tainted letter was opened. Although the concentration levels at HR-E and LR-1, in Figs.
36 and 39, respectively, reach their corresponding peak values at almost the same time,
their peak values in terms of ACPLA are very different: namely, (Chr-e/CLr-1)pek = 17.
Thisratio drops sharply to Cyr-e/CLr1~ 2 @ t ~ 20 min.

4.3 Scenario 2:

The maor difference between Scenarios 1 and 2 is that in Scenario 2, CW1 and CW2
leave Area |, close the front and rear doors, respectively, and exit through the exit door
immediately after the BG spores were released from the opened envelope. The LO
remains still for 5 min before he too exits the test area following the same footprint
pathway on the floor as indicated in Fig. 25. Since we only have flow rate measurements
for supply and return ducts when al the doorsin Areal were opened in accordance with
the SFs experiment, numerical convergence problems occur if all doors are closed as
mentioned in the discussion following Eqg. (3) earlier. In the present simulation, the front
door was closed only after the LO leaves the test area. The rear door of Area | was left
open throughout the test.

Figs. 40 to 43 show contours of concentration at t = 8.75 sec (BG spores were still being
released while the LO remains still after opening the envelope), at t = 185 sec (BG spores
were no longer releasing from the opened envelope while the LO remains till), at t =
310.75 sec (the LO is about to exit through the exit area), and at t = 30 min. The
concentration contours in Figs. 40 and 16 (Scenario 0) were almost identical. The only
difference is that in Fig. 40, CW1 and CW2 have aready left Area l. Since CW1 and
CW?2 leave the test area at awalking speed of about 1 m s*, which is much faster than the
rate at which BG spores are dispersing near the LO, their motions practically cause no
disturbance to the dispersion of BG spores. In this simulation, both doors in Area | were
open for the first 5 min. As a result, it is seen from Fig. 41 (t < 5 min) and Fig. 42
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(t > 5 min) that the BG spores have already dispersed into the hallway near the exit area.
At the end of simulation (t = 30 min) as shown in Fig. 43, a portion of the BG spores
which were locked out from Area | in Fig. 42, have aready spread in both directions
from near the front door towards the exit area (to the right) and towards Areas Il and 11
(to the left). ArealV isthe only areafor which the BG spores have not dispersed into.

Although BG spores have aready dispersed into most parts of the study area as shown in
Fig. 43 in terms of concentration contours on alogarithmic-scale, the concentration levels
at the SKC locations as seen in the bar charts of Fig. 44 show that at most sampler
locations (SKC-3 to SKC-9) the concentration was below 10* g m, with the exception
of the locations at SKC-1 (or LO) and SKC-2 (or CW1). It is informative to compare
Fig. 33 (where the front door was closed after t = 5.5 sec) and Fig. 44 (where the front
door was closed after t = 5 min 5.5 sec). For both cases, the HVAC system was turned off
after t = 5.5 sec. The concentration levels at LO and SKC-2 in both figures are very
comparable, although concentration at SKC-2 in Fig. 33 is dightly smaller than that in
Fig. 44. This might be due to the presence of the LO for the first 5 min being able to
obstruct (or, restrict) the spread of BG spores in the case of Fig. 44 (see also Figs. 31 and
40 for the corresponding concentration contours at t = 8.75 sec).

The experimental data (Trial 3) for this scenario, shown in Fig. 45 in CFU per Liter of
Air instead of in g m?, is quite different from the numerical predictions, especially in
terms of CLo/Cskco. The predicted Co/Cskcz is O(10%) and C_o/Cskc2 from the
experimental measurements is O(10). It should be noted here that C o/Cskc.o~ O(10%) in
Scenario 1 for both the numerical predictions and the experimental measurements. The
major difference between Figs. 34 and 45 is that the concentration levels at SKC-2 and
SKC-3 in the present scenario as shown in Fig. 45 are O(10) larger than those shown in
Fig. 34 (Scenario 1). Also, the concentration level at LO shown in Fig. 45 is O(10)
smaller than that shown in Fig. 34. Since the HVAC system was turned off in both
experiments, it is possible that the discrepancy can be attributed to the air flow leakage
from windows and walls in the building shell, particularly in Scenario 2. Another
contributing factor to the discrepancy might be experimental anomaly as shown in Fig.
46, in which C o/Cskc2 = O(107) for Trial 5 and CLo/Cskc2 = O(10) for Tria 3 (an
“identical” replication) as seen in Fig. 45.

In this experiment, CW1 and CW?2 exit the test area immediately after the LO informs
them that he has opened the letter containing the BG spores. Both front and rear doors are
closed as soon as CW1 and CW2 leave Area |. However, it is still possible that a small
portion of BG spores deposit on CW1 and disperse into the test area outside Area | as
CW1 walks aong the footprint path shown in Fig. 25. This hypothesisis supported by the
reasonably high concentration levels measured at the locations of SKC-4 to SKC-9,
which are outside Areall. In contrast, the predicted concentration levels shown in Fig. 44
are less than 10 g m at SKC-4 to SKC-9, because deposition and re-suspension are not
considered in the numerical simulation.

The predicted time histories of concentration at the HR locations are depicted in Figs. 47
and 48 on linear and logarithmic scales along the y-axis, respectively. It is observed by
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comparing Figs. 35 and 47 that the concentration level at LO in Fig. 35 isgenerally larger
than that in Fig. 47. This is because in Fig. 35 (Scenario 1) the front door is closed after
t = 5.5 sec, which prevents the spread of the BG spores from the opened letter outside
Areal. In contrast, for the results shown in Fig. 47, the front door was left open for 5 min
35 sec until the LO exits the test area. Note that there is a sharp increase in concentration
at t ~ 5 min (when the front door is closed). The concentration reaches its peak value at
t ~ 6 min and then decreases to the minimum value at t ~ 7 min before it rises again to
reach its second peak at t * 12 min. In order to provide a possible explanation for the
peak concentration value at t ~ 6 min, three supplementary figures (Figs. 49 to 51) are
provided here to show concentration contours (some superimposed with velocity vectors)
on a vertical y-z plane at the LO position at t = 4 min 50 sec (Fig. 49; before the front
door is closed), at t = 6 min 22 sec (Fig. 50; after the front door is closed) and at t = 20
min 22 sec (Fig. 51). In Fig. 49, the cloud adjacent to the ceiling is moving towards the
front door. In Fig. 50, however, the same cloud is deflected in the reverse direction (i.e.,
back towards the LO) at t = 6 min 22 sec because the front door is closed. This reverse
deflection is probably the reason why the concentration reaches its peak value at t ~ 6
min. Examination of Figs. 50 and 51 also shows that the magnitude of the velocity in Fig.
51 (at t = 20 min 22 sec) is much smaller than that in Fig. 50 (at t = 6 min 22 sec). The
rapid decay of the velocity magnitude is clearly due to the HVAC system being shut
down at t = 5.5 sec. Since thereis hardly any flow motion (or advection effect) in Fig. 51,
the turbulent diffusion process becomes the dominant mechanism for dispersing BG
spores, resulting in a slow decay of the concentration at the LO location for t > 12 min as
shown in Fig. 47.

The concentration time histories at CW1 and CW2 in Figs. 47 and 48 are better
understood in conjunction with Fig. 52 at the corresponding locations (HR-G = CW1 and
HR-F = CW2). Consistent with the bar charts of concentration at SKC-2 and SKC-3 in
Fig. 45, for which the concentration at SKC-3 from the experiment is dightly smaller
than that at SKC-2, the concentration levels at HR-G and HR-F in Fig. 52 become very
comparable approximately 8 min after the BG spores were released from the opened
letter. This is markedly different from the present numerical prediction, in which the
concentration level at CW2 is O(10* smaller than that at CW1 at t = 30 min (Fig. 48). As
mentioned before, this might be due to the air flow |leakage problem in Areal. At Exit (or
HR-E), however, both ssmulation and experiment show that the concentration level there
was insignificant in comparison with the concentration level at CW1 (or HR-G).

Finally, the time histories at the LR locations are shown in Figs. 53 and 54 (on linear and
logarithmic scales along the y-axis) in g m™ for the present prediction. Fig. 55 displays
the associated concentration time histories measured in the experiment in ACPLA. Let us
first examine the experimental concentration time history at the LR locations for Scenario
1 (Fig. 39) and the present scenario (Fig. 55). In Fig. 55, a sharp increase of concentration
occurs immediately after the letter containing the BG spores was opened (at 13:04:00) at
both LR-1 and LR-2. However, in Fig. 39 a sharp increase of concentration at LR-1 is
observed at 12:28:00 (i.e., 3 min before the letter was opened at 12:32:00), which is
peculiar. At LR-2 in Fig. 39, the concentration starts to increase rapidly approximately at
the same time as when the letter was opened, which is consistent with what is seen in Fig.
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55 at the same location. Another interesting observation in Fig. 55 is that the
concentration at LR-1 is smaller than that at LR-2 within the first 12 min. This seems to
suggest that there exists a strong skewed cross flow in the study area from where the
letter was opened towards LR-2. It is apparent from the present simulation that such a
cross flow does not exist because the cloud arrival time at LR-2 isat t ~ 6 min. Also,
CLr-1/CLr2~ 2.3 in Fig. 53 instead of C r.1/C r2~ 1 asin Fig. 55 at t = 30 min. Finaly,
the concentration levels at LR-3 to LR-9 are much smaller than those at LR-1 and LR-2
for both the numerical simulation and experimental measurements, which is consistent
with what we observed earlier in Scenario 1.

5. CONCLUSIONSAND RECOMMENDATIONS

In the present study, two experiments, namely SFs and BG release experiments were
simulated using CFD. In the SFg release experiment, ventilation measurements in terms
of volumetric flow rate were conducted, and the time histories of concentration in ppm at
7 sampler locations were available, which, in theory, are reproducible by CFD if the
laboratory environment (study area) iswell controlled (viz., if thereis no air flow leakage
in the test areq). The BG release experiments, however, were much more challenging to
simulate because the concentration unit adopted in the experimental measurements (e.g.
CPU per Liter of Air or ACPLA) cannot be related unambiguously to the mass of BG
spores released in the opened letter. More specifically, the number of sporesin the sealed
envelope in colony forming unit (CFU) was unknown, and the actual number of BG
spores released when the letter was opened is aso unknown. Therefore, we can only
make qualitative rather than quantitative comparisons between the numerical predictions
and the experimental measurements of BG concentration because the exact conversion
between CPU per Liter of Air, ACPLA and g m™ were unknown. In the case of the BG
release experiments, three different scenarios were simulated here, and two of them
involved experimental personnel leaving the test area. In order to numerically model one
or more people leaving the office, a first-order Immersed Boundary Method (IBM) was
implemented in the CFD flow solver STREAM. Overall, CFD is able to generate very
realistic flow and concentration fields in the indoor environment, even with the HVAC
system turned off at an early stage in the experiment and experimental personnel moving
in the test area. The test calculations permitted the following conclusions to be drawn and
recommendations to be made.

For the SFs experiment, we believed that the flow rate measurements for supply and
return ducts are accurate. Therefore, it is hypothesized that the discrepancy between the
numerical predictions and experimental measurements of concentration were mainly
caused by

1. air flow leakage from cracks and crevices in the walls and windows of the building
shell;

2. decoupling between the present CFD simulation and dispersion of SFg in the HVAC
system.
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The remedy for point (1) is either to introduce a ‘blower door’ experiment to determine
the locations of the leaks and the air flow rates through these leaks, or to conduct a series
of new experiments in an office environment that is certified to be airtight. The remedy
for point (2) is to couple the present 3-D CFD model, for simulation of flow and
dispersion in an Open Office, with a 1-D zonal model (such as COMIS or CONTAM), to
simulate the flow and dispersion in the HVAC system. This CFD/zonal-model coupling
should improve the numerical predictions for the SFs experiment and Scenario 0
(Baseline Case) in the BG release experiment, in which the HVAC system was turned on
throughout the experiment.

For the BG release experiment, it is not possible to make quantitative comparisons
between the numerical predictions and experiment measurements of concentration
because

1. the exact conversion between ACPLA and CFU per Liter of Air used in the
experimental measurements and g m™ used in the simulation was not known;

2. the exact release period and quantity of BG spores released when the envelope was
opened was not known;

3. the effect of deposition and re-suspension of BG spores in the indoor environment
was not considered in the present CFD simulations.

Moreover, the flow rate measurements for the supply and return ducts were assumed to
be the same as those in the SFg experiment, which is particularly questionable for
Scenarios 1 and 2, in which experimental personnel are moving in the study area and the
doorsin Areal are closed. In both scenarios, unsteady CFD simulations were performed.
Since both front and rear doors in Area | were closed as the experimental personnel
exited the test area, the ventilation measurementsin Area | aone will need to be changed
as suggested in Eqg. (3) based on the argument of global mass conservation in Areal. In
theory, time-dependent flow rate measurements for the supply and return ducts should be
made available and used as boundary conditions to perform the CFD simulations. As a
minimum requirement to simulate the BG experiment, volumetric flow rates for the
supply and return ducts should be measured for the following cases: (&) only the two
middle doorsin Areal are closed, and (b) all four doorsin Areal are closed.

To address point (3) above, it is recommended that the present unsteady RANS approach
be combined with an eddy interaction model (EIM, or random walk model) for modeling
aerosol dispersion and deposition. EIM is based on a Lagrangian stochastic approach
where individual particles are allowed to interact successively with discrete eddies. Each
eddy has length, velocity and lifetime characteristic scales obtained from the ensemble-
averaged flow and turbulence fields. The end of the interaction between the particle and
an eddy occurs when the lifetime of the eddy is over or when the particle crosses the
eddy. At this instant, an interaction of the particle with a new eddy begins. The trajectory
of this particular particle is obtained by solving the particle equations of motion (seeg, e.g.,
[13]). In a simple EIM, the local fluctuating velocities are obtained by multiplying the

root-mean-square fluid fluctuating velocity (Uy ;s = Vi rme = Wi s =+ 2K/3) by random
numbers generated from a Gaussian probability density function with zero mean and unit
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standard deviation at the start of one eddy-particle interaction. Details of EIM can be
foundin[14,15].

Finally, it should be emphasized here that the advantages of utilization of CFD modeling
for assessment and design of mitigation strategies and protocols for defence against
anthrax-tainted letters over an experimentally-based approach to the problem are obvious:
(1) substantial reduction of lead times and costs of new designs involving other office
configurations; (2) ability to study scenarios where controlled experiments are difficult or
impossible to perform; and, (3) practically unlimited level of detail of results such as the
flow field in the indoor environment and the concentration field of the dispersing BG
spores (or, other contaminants) that are released into this flow field.
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APPENDIX: README for CDROM

Scenario 0 (Basdline)

In “SO_HVAC _on” directory for Baseline Scenario, the HVAC system is turned on
during the ssmulation. The release time for the contaminant (0.1 gram of BG spores) is 10
sec. The unit for concentration C is g m>. The simulation lasts for 30 minutes. The
animation is produced every 1.25 sec for 0 <t < 35 sec. During the time interval 35<t <
1800 sec, the animation is produced every 1 minute.

File Starting | End Display

Name Time Time Mode

SO HVAC on 0 35 c.avi t=0s |t=35s Concentration

SO HVAC on 0 35 csavi t=0s |t=35s Concentration and stream trace
SO HVAC on 0 35 savi t=0s |t=35s Stream trace

SO HVAC on 35 1800 cavi |t=35s |t=1800s | Concentration

SO HVAC on 35 1800 csavi | t=35s | t=1800s | Concentration and stream trace

S0 HVAC on 35 1800 savi |t=35s |t=1800s | Stream trace
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Scenario 1

In“S1 HVAC off” directory for Scenario 1, the HVAC system is turned off after t = 5.5
sec. The door closest to co-worker 1 is also closed after t = 5.5 sec. The release period for
the contaminant (0.1 gram of BG spores) is 10 sec. The unit for concentration C is g m'>.
The simulation lasts for 30 minutes. The animation is produced every 1.25 sec for 0 <t
<35 sec, in which all personnel (letter-opener, co-worker 1 and co-worker 2) exits
through the exit door. During the interval 35 <t < 1800 sec, the animation is produced
every 1 minute.

File Starting | End Display

Name Time Time Mode

S1 HVAC off 0 35 c.avi t=0s t=35s | Concentration

S1 HVAC off 0 35 cs.avi t=0s |t=35s Concentration and stream trace
S1 HVAC off 0 35 savi t=0s |t=35s Stream trace

S1 HVAC off 35 1800 cavi |[t=35s | t=1800s | Concentration

S1 HVAC off 35 1800 csavi |t=35s | t=1800s | Concentration and stream trace

S1 HVAC off 35 1800 savi |t=35s |t=1800s | Stream trace

In “S1 HVAC on” directory for Scenario 1 as a complementary study, the HVAC
system is turned on during the simulation. The door closest to co-worker 1 is also closed
after t = 5.5 sec. The release period for the contaminant (0.1 gram of BG spores) is 10
sec. The unit for concentration C is g m>. The simulation lasts for 30 minutes. The
animation is produced every 1.25 sec for 0 < t <35 sec, in which all personnel (letter-
opener, co-worker 1 and co-worker 2) exits through the exit door. During the interval 35
<t <1800 sec, the animation is produced every 1 minute.

File Starting | End Display

Name Time Time Mode

S1 HVAC on 0 35 c.avi t=0s |t=35s Concentration

S1 HVAC on 0 35 csavi t=0s |t=35s Concentration and stream trace
S1 HVAC on 0 35 savi t=0s |t=35s Stream trace

S1 HVAC on 35 1800 cavi |t=35s |t=1800s | Concentration

S1 HVAC on 35 1800 csavi |t=35s | t=1800s | Concentration and stream trace

S1 HVAC on 35 1800 savi |t=35s |t=1800s | Stream trace
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Scenario 2

In“S2_HVAC off” directory for Scenario 2, the HVAC system is turned off after t = 5.5
sec. The release period for the contaminant (0.1 gram of BG spores) is 10 sec. The unit
for concentration C is g m>. The simulation lasts for 30 minutes. The animation is
produced every 1.25 sec for 0 <t <35 sec, in which co-worker 1 and co-worker 2 exits
through the exit door. During 35< t < 302 sec, in which the letter-opener remains still, the
animation is produced every 15 sec. The letter-opener exits the test area and the door
closest to co-worker 1 isclosed for 302 <t < 322 sec, in which the animation is produced
every 1.25 sec. Fromt = 322 to t = 1800 sec, the animation is produced every 1 minute.

File Starting | End Display

Name Time Time Mode

S2 HVAC off 0 35 c.avi t=0s t=35s Concentration

S2 HVAC off 0 35 cs.avi t=0s t=35s Concentration and stream trace
S2 HVAC off 0 35 savi t=0s t=35s Stream trace

S2 HVAC off 35 302 c.avi t=35s | t=302s | Concentration

S2 HVAC off 35 302 cs.avi t=35s | t=302s | Concentration and stream trace
S2 HVAC off 35 302 s.avi t=35s | t=302s | Stream trace

S2 HVAC off 302 322 c.avi t=302s | t=322s | Concentration

S2 HVAC off 302 322 csavi |t=302s | t=322s | Concentration and stream trace
S2 HVAC off 302 322 s.avi t=302s | t=322s | Streamtrace

S2 HVAC off 322 1800 c.avi | t=322s | t=1800s | Concentration

S2 HVAC off 322 1800 csavi | t=322s | t=1800s | Concentration and stream trace
S2 HVAC off 322 1800 savi |t=322s |t=1800s | Stream trace
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Figure 1: Study area in Building 13 with sampling locations, furniture layout and
air flow from the SFg experiment.

Figure 2: Grid and geometry used by CFD to simulate the SFg experiment.
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Figure 3: Predicted vortex pattern on a vertical y-z plane for the SFs experiment.

Figure4: Predicted stream tracesin Areal near LO for the SFg experiment.
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Figure5: Predicted stream tracesin the study areain Building 13 for the SFg
experiment.
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Figure 6: Time histories of concentration in ppm from the CFD predictions
compared with experimental measurementsfor the SFg experiment.
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Figure 7: Deflection of airflow by grille on a supplied duct.
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Figure 8: Tracer Gas Experiment 5: 4.0 Litersof 1:3 (pure SFg:air) released into
room by a sampling pump [1].
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Figure 9: 1so-surfaces of concentration in ppm from the CFD predictionsat t = 3
min for the SFs experiment.

Figure 10: I so-surfaces of concentration in ppm from the CFD predictionsat t = 20
min for the SFg experiment.
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Figure 11: I so-surfaces of concentration in ppm from the CFD predictionsat t = 60
min for the SFs experiment.

Figure 12: I so-surfaces of concentration in ppm from the CFD predictionsat t = 120
min for the SFs experiment.
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Figure 13: Time history of the normalized mean concentration profile along the
vertical center plane of an obstaclearray (y = 0) and at zZH = 0.75. Solid and dashed
lines: predictions; dash-dot line: experiment [4].
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Figure 15: Grid and geometry used by CFD to simulate the BG experiment.
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Figure 16: Contoursof concentration for Scenario O (Baseline Case) at t = 8.75 sec.
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Figure 17: Contoursof concentration for Scenario 0 (Baseline Case) at t = 30 min.
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Figure 18: Time histories of concentration at the SKC locationsfor Scenario 0
(Baseline Case).
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Figure 19: Bar chartsof concentration in g m™ at the SK C locations for Scenario O
(Baseline Case).

060503 Baseline Trial 3, SKC Filters

1000.0 -

100.0 —

10.0 —

0.10 ‘ ‘ ‘ ‘ ‘ H

Blank 1 2 3 4 5 6 7 8 9 LO

CFU per Liter of Air

Sample Name

O CRU/ Lof Air

Figure 20: Bar charts of concentration from experiment (Trial 3) in CPU per Liter
of Air at the SKC locationsfor Scenario O (Baseline Case).
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Figure 21: Time histories of concentration in g m™ at the HR locations for Scenario
0 (Baseline Case).
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Figure 22: Time histories of concentration in ACPLA from experiment (Trial 3) at
the HR locationsfor Scenario O (Baseline Case).
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Figure 23: Time histories of concentration in g m™ at the LR locations for Scenario
0 (Baseline Case).
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Figure 24: Time histories of concentration in ACPLA from experiment (Trial 3) at
the LR locationsfor Scenario O (Baseline Case).
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Figure 25: walking pathsfor LO, CW1and CW2 for scenarios 1 and 2.
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Figure 26: Contoursof concentration for Scenario 1la (HVAC isturned on during
thetest) at t = 8.75 sec.
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Figure 27: Contoursof concentration for Scenario 1la (HVAC isturned on during
thetest) at t = 30 min.
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Figure 28: Bar chartsof concentration in g m™ at the SK C locations for Scenario 1a
(HVAC isturned on during the test).

41



o5

\
- \ .
| 1 Exit
= | \ — - — - Ccw2
%0.3- \ - cwi
= \ oo
o | \
BSo2k \
S f \
- N_ T T T T T ST
- //‘//
0.1 e
| s
,/
. -
,/l ////
oL i R |
0 10 20 30

Time (min)

Figure 29: Time histories of concentration in g m™ at the HR locations for Scenario
la (HVAC isturned on during thetest).
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Figure 30: Time histories of concentration in g m™ at the LR locations for Scenario
la (HVAC isturned on during thetest).
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Figure 31: Contoursof concentration for Scenario 1b (HVAC isturned off after t =
5.5sec) at t = 8.75 sec.
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Figure 32: Contours of concentration for Scenario 1b (HVAC isturned off after t =
5.5 sec) at t =30 min.
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Figure 33: Bar chartsof concentration in g m™ at the SK C locations for Scenario 1b
(HVAC isturned off after t = 5.5 sec).
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Figure 34: Bar charts of concentration from experiment (Trial 3) in CPU per Liter
of Air at the SKC locationsfor Scenario 1.
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Figure 35: Time histories of concentration in g m™ at the HR locations for Scenario
1b (HVAC isturned off after t = 5.5 sec).
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Figure 36: Time histories of concentration in ACPLA from experiment (Trial 3) at
the HR locationsfor Scenario 1.
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Figure 37: Time histories of concentration in g m™ at the LR locations for Scenario
1b (HVAC isturned off after t = 5.5 sec).
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Figure 38: Time histories of concentration in g m™ at the LR locations for Scenario
1b (log scale along y-axis).
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Figure 39: Time histories of concentration in ACPLA from experiment (Trial 3) at
the LR locationsfor Scenario 1.
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Figure 40: of concentration for Scenario 2 at t=8.75 sec.
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Figure 41: Contoursof concentration for Scenario 2 at t = 185 sec.
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Figure 42: Contoursof concentration for Scenario 2 at t = 310.75 sec.
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Figure 43: Contoursof concentration for Scenario 2 at t = 30 min.
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Figure 44: Bar chartsof concentration in g m™ at the SK C locations for Scenario 2.
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Figure 45: Bar charts of concentration from experiment (Trial 3) in CPU per Liter
of Air at the SKC locationsfor Scenario 2.
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Figure 46: Bar charts of concentration from experiment (Trial 5) in CPU per Liter
of Air at SKC locationsfor Scenario 2.
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Figure 47: Time histories of concentration in g m™ at the HR locations for Scenario
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Figure 48: Time histories of concentration in g m™ at the HR locations for Scenario
2 (logarithmic scale along y-axis).
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Figure 49: Contoursof concentration for Scenario 2 on avertical y-zplaneat LO at

o 1=6 min 22 sec
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Figure 50: Contoursof concentration and velocity vectorsfor Scenario 2 on a
vertical y-zplaneat LO at t = 6 min 22 sec.
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Figure 51: Contoursof concentration and velocity vectorsfor Scenario 2 on a
vertical y-zplaneat LO at t =20 min 22 sec.
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Figure 52: Time histories of concentration in ACPLA from experiment (Trial 3) at
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Figure 54: Time histories of concentration in g m™ at the LR locations for Scenario
2 (logarithmic scale along y-axis).
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